Introduction
The liquid surfactant membrane technique (LSM) is an extraction process developed by Norman N. Li in 1968, 1 which can be applied to separation of many chemical species. 2 Among these species, organic acids have been recovered and purified with good efficiency [3] [4] [5] [6] and, particularly, citric acid separation by the LSM process has presented promising results in the last few years. [6] [7] [8] [9] [10] [11] Citric acid is an organic acid industrially produced by fermentation, widely applied in the food and beverage industries. Its recovery from the fermentation broth is performed by precipitation or solvent extraction. In both cases, the processes require many separation steps and, especially for precipitation, large quantities of residues are produced. 12 In this context, the study of other separation methods, such as LSM technique, aims to evaluate an alternative way of carrying out the citric acid recovery in order to search for better operating conditions to accomplish the separation.
In this paper, the study of the extraction of citric acid by LSM technique is reported. The aim of this study was to establish suitable conditions to separate and concentrate citric acid from aqueous feed solutions by using two factorial designs (2 5-1   and 2 3 ), and the evaluation of process efficiency through experiments of membrane recycling and extraction in multiple stages. This study comprises the first step for the definition of the initial conditions to study citric acid recovery in a pilot plant unit.
The present extraction utilised a primary emulsion with composition different from that used in the literature. [6] [7] [8] 11 This change was implemented in order to reduce some stability problems caused by the swelling of the emulsion and the rupture of the inner phase droplets usually present in this extraction system. Additionally, factorial designs were used to identify possible interactions between some important parameters that affect the LSM technique.
brane, usually composed of a carrier, a surfactant and a diluent, which is responsible for selective permeation of the solute(s) through the membrane; and the inner phase that acts as the receiver of the solute extracted from the feed phase. The multiple emulsion can be formed in two different ways: water/oil/ water (W/O/W) or oil/water/oil (O/W/O).
The LSM separation process is performed in four stages, 9, 13, 14 as presented in Fig. 2 . At the emulsification stage, the inner phase is poured into the membrane phase under high stirring speed to produce the primary emulsion. Usually, these emulsions take a short time to prepare (1-10 minutes). At the permeation stage, the primary emulsion is dispersed into the feed phase under mild stirring conditions to form the multiple emulsion. While the stirring conditions persist, the solute permeates through the membrane phase, providing its transfer from the feed to the inner phase. As soon as permeation ends, usually in less than 30 minutes, the loaded primary emulsion is separated from the exhausted feed solution by settling. The settling time required to obtain a good separation basically depends on the difference between the densities of the loaded primary emulsion and the depleted feed phase. Generally, it takes up to 5 minutes to perform this step. In the final stage known as demulsification, the emulsion is broken under action of a high-intensity electric field, providing the separation of the membrane and inner phases through the coalescence of the dispersed phase.
Remarkable advantages of the LSM technique are associated with small size equipment requirements, low reagent consumption, operation with reduced number of separation stages, extraction and stripping steps performed in a single device, high selectivity and high capacity to extraction from diluted solutions. The last characteristic is particularly useful in the recovery of species found at low concentrations, with promising applications in the extraction of metal ions, 15, 16 removal of ionic species from wastewater, [17] [18] [19] and separation of carboxylic acids 11, 20, 21 and aminoacids. 22, 23 Additionally, two important limiting aspects that should be carefully observed in this technique are the swelling of the emulsion droplets and occlusion of the feed phase. Swelling, which is usually caused by osmosis, can lead to losses of the concentrated solution in the inner phase by rupture of the membrane, decreasing the process separation efficiency. The occlusion of the feed phase by the primary emulsion causes contamination of the inner phase and decreases the process selectivity. However, both effects can usually be reduced by choosing appropriate phase composition and suitable operating conditions.
Mechanism of citric acid permeation
The mechanism proposed to explain the citric acid extraction by liquid surfactant membrane with tertiary amines is classified as simple carrier transport with chemical reaction. This mechanism is shown in Fig. 3 and the extraction and stripping reactions involved in the permeation step, using sodium acetate solution as inner phase, are presented in eqs. (1) and (2) .
In accordance with this mechanism, the citric acid molecule (C 6 H 8 O 7 ) diffuses from bulk feed phase towards external membrane interface, induced by the chemical potential gradient between phases. At the feed/membrane interface, the solute reacts with the carrier, in this case a tertiary amine (R 3 N), forming the complex (R 3 NH + ) 3 
This new molecule diffuses through the membrane until it reaches the membrane/inner phase interface, where the citric acid is stripped with CH 3 COONa into the inner phase. The extraction cycle is completed when the free carrier molecule returns to the feed/membrane interface to react again with the solute. 9 It is important to emphasize that the proposed mechanism represents the expected stoichiometry for citric acid extraction and stripping by tertiary amines. However, studies on citric acid recovery by reactive liquid-liquid extraction with trioctylamine have shown that this stoichiometry can be changed in accordance with the composition of the organic phase and the temperature in which the reactions occur. 24 
Experimental work

Materials
The apparatus used during the development of this work includes an emulsifier Walita Firenze, a mechanical stirrer Fisatom model 713 T, an incubator Fanem model 002 CB, an electrostatic demulsifier and an acrylic baffled reactor. The reagents, used as supplied by the manufacturers, were: anhydrous sodium acetate (> 99 % of purity -Riedel de Häen and Reagen), anhydrous citric acid (> 99.5 % of purity -Vetec), sodium hydroxide (> 97 % of purity -Ecibra), Alamine 336 (> 95 % of tertiary amine -General Mills Chemicals), ECA 4360 (commercial grade with w = 2.13 % of nitrogenParamins) and Exxsol D240/280 (commercial grade -Exxon Chemicals). The composition of the system adopted to carry out the extraction experiments is presented in Table 1 . 
Methods
In the first part of this study, fractional and complete factorial designs were used to establish suitable operating conditions to carry out the citric acid separation. In the former case, a 2 5-1 factorial with 4 center points, in a total of 20 experiments, was used to determine the most influential variables on the system and the more suitable range of operation for all studied factors with a reduced number of experiments. In the last one, a 2 3 complete factorial design was performed to define suitable operating conditions for the most important variables, resulting in 8 runs. The variables and operating conditions adopted in each design are presented in Table 2 . In this table, the variable pH is initial pH of the feed phase; w c and w s are carrier and surfactant concentrations in the membrane phase, respectively; v is stirring speed, and t is permeation time. The variable responses used to evaluate the system were: final solute concentration in the inner (g f I ) and feed (g f III ) phases, and swelling percentage of the inner phase (S).
The concentration of citric acid in the aqueous phases was measured by complexometric titration of the citrate ions with Cu
2+
, according to the 1:1 stoichiometric reaction 25, 26 presented in eq. (3). A detailed description of this analytical methodology is given in the literature. 
The swelling percentage of the inner phase was calculated by:
where, V i I and V f I are the initial and final volumes of the inner phase, respectively. The final volume of the inner phase was measured after the emulsion break-up in the demulsification step. Statistical analysis of the data was performed by means of MINITAB ® software, and the computer data outputs are presented in the Appendix A. The analysis of residuals (not presented) showed that the errors are normally and independently distributed with mean zero and constant variance for both designs.
All experiments were carried out in batch mode. In the emulsification stage, primary emulsions were prepared using a membrane phase/inner phase volume ratio equal to 3:1, under 13,000 rpm, for 5 minutes. In the permeation step, feed phase/primary emulsion ratio of 2:1 was used, giving a total volume of 240 mL per experiment. The settling was conducted at 50 °C in order to favour the depleted feed phase/loaded primary emulsion separation. The loaded primary emulsion was broken-up in an electrostatic demulsifier, at 1.7 kV and 5 kHz, using insulated electrodes.
Membrane recycling experiments were carried out under the best operating conditions defined from the 2 3 factorial design results. The recycled organic phases (membrane phases after the demulsification step) were used without further treatment or after treating with sodium hidroxide or sodium acetate solutions to prepare new primary emulsions, which were used in the LSM process as described previously for the fresh membranes. The extraction results for fresh and recycled membranes were expressed in terms of the enrichment factor (EF) and swelling (S). The system enrichment factor (EF) was calculated by:
where, g f I is final concentration of citric acid in the inner phase, and g i III is initial concentration of this solute in the feed phase.
To carry out the multiple stage extraction, an aqueous solution of citric acid at 0.1 g mL -1 was used in the first stage of the LSM separation process. The aqueous phase resulting from the settling step (see Fig. 2 ) was reused in the second permeation stage and this procedure was repeated until the feed phase was exhausted. The experiments were carried out using fresh and once recycled membranes without treatment.
Results and discussion In both designs, statistical analysis of the data was done using a significance level of 20 % (a = 0.20), i.e., factors and its interactions with P-value < 0.20 were considered potentially relevant to the process. This value was used instead a = 0.05 to take into account all the important factors of the process at the beginning of the research.
These designs use simplified models to correlate the variables to each response by means of regression coefficients, and the P-value defines whether the variable should be included or not into the model. The regression coefficients associated with each variable are determined based on the effect (E) of the variable upon the response, and the sign of E is used to indicate how the responses would be affected by the factor, defining the most suitable level of operation, the lower (-) or the higher one (+). The proposed models, P-value (P) and effect (E) data for all responses are summarized in Appendix A.
Statistical analysis of the data obtained from the 2 5-1 fractional factorial design showed that the feed phase pH and carrier concentration are the most influential factors upon the final citric acid concentration in the inner phase (g f I ). The sign of the effects indicated that the low level of operation for pH (pH = 1.5) and the high level for carrier concentration (w c = 20 %) provide the most concentrated inner phase solution for the evaluated levels, so these were chosen as the most suitable operating conditions to increase the g f I .
In case of g f III , the main factors pH, w c , t and the interaction pH•w c presented some influence upon the response. When some interaction occurs, it is not possible to evaluate the involved variables independently, and an interaction plot is used to determine in which levels of operation both factors can provide the best response. According to the interaction plot indicated in Fig. 4 , the highest percentage of extraction is obtained at pH = 1.5 and w c = 20 %, yielding the lowest final citric acid concentration in the depleted feed phase (g f III = 0.04 g mL -1 ), as desired. Factor t has presented a borderline P-value; therefore it was included as a possible influential variable. The effect data for this factor indicated that at higher level of operation (t = 30 minutes), more solute is extracted from the feed phase, decreasing g f III . The analysis for the inner phase swelling (S) is more complicated because it is affected by two main factors, the stirring speed and carrier concentration, and a great number of interactions between the two factors. To define the best operating conditions to minimise the swelling, it is necessary to establish the suitable values for each factor from the interaction plots, as described above. From the eight interaction plots generated from this analysis, it was possible to define the most suitable levels to reduce the swelling for each interaction, as summarized in Table 3 . The interaction plots were omitted for simplicity.
Ta b l e 3 -Suitable operating conditions chosen from the interaction plots for S response
Interactions Operating Conditions
Establishment of the most suitable conditions was based on the modal value obtained for each factor. Except for pH, for which it was not possible to define a unique value (pH = 1.5/3.5), the other conditions were set at v = 160 rpm, w s = 2 %, w c = 20 %, t = 10 minutes. To define the best operating values for each variable, which present a different influence upon each response, some criteria were adopted to make the right choice. The first one is based on the extraction mechanism, which enables better separation efficiency at low values of pH (1.5). The second criterion is associated with the membrane stability, which is impaired if high values of v and t are used. In the case of v, an intermediate value (145 rpm) was chosen because too low stirring speeds produce bad homogenisation of the system and high values can lead to significant breakage rates of the emulsion globules, thus yielding low efficiency of citric acid recovery. The permeation time was defined in the low value (10 minutes) because the longer the t value is, the lower is the system stability, although the separation efficiency is usually enhanced. For the variable w c , all responses present the best results at 20 %, and for w s , suitable conditions for recovery of the solute are obtained at 2 %. Based on these results, a new region was defined to carry out a complete factorial design around the point pH = 1.5, w s = 2 %, w c = 20 %, v = 145 rpm and t = 10 minutes.
To perform the 2 3 factorial design, the variables v and w s were set at 145 rpm and 2 %, respectively, because both factors revealed a slight influence upon the responses. The variables pH, w c and t were included into this design, adopting new operating levels, in accordance with the data presented in Table 2 .
The statistical analysis of the data obtained from 2 3 design, summarized in Appendix A, indicated that the variables w c and t affect the citric acid concentration in the inner phase (g f I ), although this influence is quite limited because of the narrow range of the studied values. Evaluating the signal of the effects, the best values of g f I are obtained choosing higher concentrations of carrier (w c = 30 %) and longer permeation times (t = 10 minutes).
In the case of g f III , the main factors pH, w c , t and the interactions pH•w c and pH•t were significant to the response. As explained in the 2 5-1 factorial design, interaction plots were necessary to define the best operating levels for this response. The analysis of respective interaction plots, which are not presented here, indicated pH = 1.5, w c = 30 % and t = 10 minutes as the suitable operating conditions to minimise the g f III . For the swelling, all main factors pH, w c and t presented some significant effect upon the system. Evaluating the signal of the effects, the best conditions to minimise the swelling are obtained operating at pH = 2.5, w c = 30 % and t = 3 minutes. The best conditions for each response are summarized in Table 5 . The ideal conditions to operate the system should be set at maximum value of g f I and minimal values of g f III and S. Nevertheless, the results of both factorial designs have shown that is not possible to satisfy these criteria in a unique set of experimental conditions. Besides, at w c = 30 %, in which the most promising results were obtained for all responses, problems with handling and coalescence of the emulsions were found due to their high viscosity. Thus, the choice of the most suitable conditions was restricted to values of w c up to 20 %. Among the remaining conditions, the best results were obtained at pH = 1.5, w c = 20 % and t = 10 minutes, with fixed factors set at v = 145 rpm and w s = 2 %, yielding g f I = 0.25 g mL -1 , g f III = 0.04 g mL -1 and S = 80 %.
Membrane recycling
The membrane recycling experiments were performed under the best conditions defined from the 2 3 factorial design. The results for fresh and recycled membranes are expressed in terms of the enrichment factor (EF) versus the membrane condition, as presented in Fig. 5 .
In this figure, the enrichment factor (EF) of the system decreases when the recycled membranes are used. In the experiments performed with fresh membranes, the mean value of the enrichment factor is EF = 2.4, while in the tests with recycling the mean value obtained is EF = 1.8. These data show a 25 % decrease in the concentration capacity of the system when a recycled membrane phase is used. The swelling showed small difference from fresh to recycled membrane, presenting mean values equal to S = 73 % for fresh and S = 81 % for recycled.
The decrease in the EF value when a recycled membrane is used is probably due to partial loading of the organic phase with the solute extracted in the first membrane extraction. As a result, the amount of solute that remains attained to the carrier molecules in the subsequent stages reduces the quantity of the citric acid removed from the feed phase, decreasing the extraction percentage, and consequently the enrichment factor.
To complement the results obtained for recycled membranes, new experiments were performed to evaluate the effect of the number of recycling stages on the separation efficiency using the same membrane. Membrane recycling was carried out without treatment because the enrichment factor obtained in this condition (EF = 1.9) was very close to the mean value (EF = 1.8), and no swelling changes were observed after recycling (S ~ 70 %). In each stage, fresh feed solutions containing 0.1 g mL -1 of citric acid were used. The results are presented in Fig. 6 .
As expected, the EF data presented in Fig. 6 show a decrease in the extraction efficiency of the system after the first recycling of the membrane phase, remaining approximately constant for the other stages. From the second recycling onward, the membrane phase is already saturated with solute and, consequently, the extraction of citric acid remains unchanged.
The swelling data do not show significant dependence on the condition of the membrane phase,
F i g . 5 -Enrichment factor (EF) versus membrane condition
F i g . 6 -Enrichment factor and inner phase swelling as a function of membrane recycling
presenting a stable value between 75 and 80 %, except in the fourth stage, where a more pronounced decrease is observed, probably related to the inner phase losses during the process since the EF value remained constant.
Multistage extraction
The efficiency of the LSM process was also evaluated in terms of citric acid extraction in multiple stages. Two sequences of experiments were carried out using a fresh feed phase for each sequence, using firstly fresh, and secondly the recycled membranes. The results are presented in Figs. 7 and 8 .
In Fig. 7 , it is possible to observe that extraction with the fresh membrane occurs more quickly than with the recycled membranes in the first and second stages. However, from the third stage onward, the citric acid concentration in the feed phase (g f III ) is reduced to almost null value, regardless of membrane phase condition. In case of swelling, fresh membranes present more pronounced S until the fourth stage, while for recycled membranes this occurs at the fifth stage. The increase in swelling with extraction stage is expected because the ionic force difference between aqueous phases increases as soon as the citric acid is extracted from the feed phase. In order to reduce this difference, the osmotic phenomenon induces water transport to the inner phase, producing the observed swelling increase. The decrease in swelling at the fifth stage of extraction for fresh membranes could be caused by the loss of the inner phase because the ionic force difference between aqueous phases at the forth and the fifth stages is approximately the same. Consequently, the effect of the osmosis upon the swelling should be the same.
Besides the fact that extraction with fresh membranes is greater than with recycled membranes, the swelling in the former case leads to stabilisation of the EF value as the number of the stages increases, as shown in Fig. 8 . In the case of recycled membranes, in spite of the EF value rising slower in the first and second stages, the smaller swelling in most experiments provides a higher value of the enrichment factor in the fourth stage.
Conclusions
In this work, suitable operating conditions for performing the citric acid separation from aqueous solutions, using the liquid surfactant membrane technique, were defined. Two factorial designs were used to conduct the first part of the experiments, which revealed the influence of the variables pH of the feed phase, carrier concentration in organic phase, and permeation time on final concentration of the citric acid, in the feed and inner phase, and on the swelling. Both surfactant concentration and stirring speed presented only a slight influence on these responses. The best conditions were defined at pH = 1.5, w s = 2 %, w c = 20 %, v = 145 rpm and t = 10 minutes.
The influence of pH and w c on the extraction was somewhat expected because the pH directly interferes in the facilitated transport of the solute carried out by the Alamine 336. However, the interaction observed between pH and carrier concentration reported through factorials, permitted the evaluation of both variables at the same time to define the most suitable operating conditions for carrying out the extraction. Although the influence of permeation time on the extraction was also predictable, the use of the fractional factorial design indicated that its effect on the swelling is much more complex, and the use of a short time was more favourable for this system. Furthermore, the use of factorials, in gener- al, permitted the definition of a starting point to evaluate the behaviour of each variable separately, which will be discussed in a forthcoming paper. The study of membrane phase recycling showed that, after the first step of recycling, the system presented a decrease in the enrichment factor probably caused by the partial loading of the organic phase with the solute extracted in the first membrane extraction. From the second recycling onward, the system remained unchanged, presenting the same extraction efficiency and good stability.
The solute extraction in multiple stages showed that approximately 100 % of the citric acid present in the feed phase could be recovered after three stages, regardless of membrane condition. However, the application of recycled membranes is more advantageous in terms of the inner phase swelling, which is 37.5 % smaller, as well as in terms of reduced costs with replenishment of reagents and treatment of organic phase residues. 
Regression Analysis
The regression equation is: 
